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的电流响应动力学公式, 以及由响应电流估算表观米氏常数的方法. 采用了两种粉末酶电极 (C2
PU 2GOD 和 C2AQ 2DBFc2GOD ) 对理论分析进行了验证. 实验结果与理论推导较好地吻合, 均表
明采用粉末微电极技术可显著地提高酶电极的响应电流和扩展酶电极响应的线性范围.
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T he un ique select ivity of the enzym e react ion s has m ade the enzym e electrodes h igh ly
p ro spect ive fo r the detect ion of b ioact ive m o lecu les. How ever, the am perom etric enzym e
electrodes a lso have their inheren t p rob lem s, especia lly the rela t ively low ou tpu t cu rren t den2
sity, the unavo idab le gradual deterio ra t ion of the enzym e act ivity, and the non2linearity of
the respon se of the electrode.
W e have found tha t the pow der m icroelectrode techn ique is a very effect ive w ay of im 2
p roving bo th the ou tpu t cu rren t den sity and the linear range of respon se of the am perom etric
enzym e electrode. T he genera l aspects of the pow der m icroelectrode techn ique have been p re2
sen ted in deta il in [1 ].
F ig. 1　T he pow der m icroelec2
t rode
1. cu rren t co llecto r
2. po rous m atrices
3. glass cap illary
T he perfo rm ance of the pow der enzym e m icroelectrode can
be analyzed w ith the schem atic d iagram show n in F ig. 1. O n
the su rface of the cu rren t co llecto r (1) is the po rou s m atrix (2)
com po sed of an electron2conduct ing m atrix of part icles su rface2
m odified w ith imm ob ilized enzym e m o lecu les and an in terven ing
liqu id m atrix of electro lyte con ta in ing sub stra te of enzym e reac2
t ion. T he enzym e react ion takes p lace a t the in terface betw een
the so lid and liqu id m atrices, and the cu rren t is co llected via
the so lid m atrix and the cu rren t co llecto r.
Sta rt ing from the M ichaelis2M en ten equat ion and assum 2
ing tha t a fixed p ropo rt ion of the react ion p roduct can react a t
the su rface of electrode to crea te the am perom etric signa l ( I ) ,
then the respon se of the electrode in term of cu rren t den sity can
be exp ressed as:
　I = Im ax
c0s
K ′m + c0s
(1)
in w h ich Im ax　 is the lim it ing cu rren t den sity, c0s　 is the concen tra t ion of sub stra te a t the su r2
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F ig. 2 (a ) T heo ret ical responses of the ampero2
m etric enzym e electrodes:
1. P lanar enzym e electrode (Eq. (1) )
2. T h in po rous enzym e electrode (Eq.
(4) , S∆= 2. 5)
3. “Sufficien t ly th ick”po rous enzym e
electrode (Eq. (5) , k1ö2= 3. 0)
(b) T he (d I 2öd c0s ) - 1　vs. (c0s ) - 1　p lo t, and
the est im ation of K ′m
face of the electrode and K ′m 　 is the so2ca lled " apparen tM ichaelis con stan t ". U sually K ′m 　 is
sing if ican t ly sm aller than K m 　 of the sam e enzym e system in bu lk of so lu t ion, p robab ly due
to the part ia l deact iva t ion of the imm ob ilized enzym e and the rest rict ion of m ass tran sfer p ro2
cesses w ith in the m odifying layer. F rom Eq. (1) it is clear tha t the rela t ion betw een I and c0s　
can be app rox im ately linear on ly in concen tra t ion range c0s≤K ′m. T herefo re, the respon se of
the conven t iona l enzym e electrode can be linear on ly in low concen tra t ion range m ain ly in the
sub2mM region.
A ssum ing tha t Eq. (1) is app licab le a t the so lidöliqu id in terface w ith in the po rou s layer,




= S Im ax
cs
K ′m + cs
(2)
in w h ich D ′s　 is the effect ive coefficien t of d iffu sion of sub stra te m o lecu les in the po rou s m a2
t rix, S is the specif ic su rface area of the po rou s m atrix, defined as the to ta l a rea of so lidöliq2
u id in terface w ith in un it vo lum e of po rou s m atrix (cm 2öcm 3) , cs　 is the loca l concen tra t ion of
the sub stra te w ith in po rou s m atrix, and n is the
num ber of electron s invo lved in the
electrochem ica l ox ida t ion of the react ion p roduct
























[ K ′m + cs - K ′m ln (K ′m +
cs) ]
　+ constan t (3)
T here are tw o ex trem e cases of the concen2
t ra t ion po lariza t ion of the sub stra te w ith in the
po rou s m atrix. F irst ly, fo r sufficien t ly th in
pow der electrode, there is p ract ica lly no concen2
t ra t ion po lariza t ion w ith in the pow der m atrix, so
the respon se of an enzym e pow der m icroelectrode
can be direct ly derived from Eq. (1) as:
　I = S Im ax∆
c0s
K ′m + c0s
(4)
in w h ich ∆ is the th ickness of the pow der layer.
T he o ther ex trem e case w ill be rea lized if
the po rou s layer is sufficien t ly th ick so tha t the
sub stra te is to ta lly con sum ed befo re it can reach
the innerm o st layer of the po rou s m atrix ad jacen t
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　F ig. 3 (a) R esponses of the PU 2GOD modified
enzym e electrodes:
1. P lanar P t m icrodisk electrode
(dia. 0. 5 mm ) modified w ith PU
and GOD , th ickness of modifying
layer 2 Λm
2. C2PU 2GOD pow der m icroelec2
t rode (dia. 0. 5 mm , ∆= 0. 5 mm )
(b) T he (d I 2öd c0s ) - 1　vs. (c0s ) - 1　p lo t,
and the est im ation of K ′m
to the cu rren t co llecto r. A ssum ing tha t concen tra t ion po lariza t ion of the sub stra te occu rs on2
ly w ith in the po rou s m atrix and all the genera ted p roduct of enzym atic react ion w ith in the
po rou s layer can be co llected am perom etrica lly ( i. e. no lo ss of signa l due to leach ing2ou t of
react ion p roduct) , the respon se of the po rou s enzym e electrode can be exp ressed as:
　I = nFD ′s
d cs
d x x = ∆





K ′m + c0s
1ö2
(5)
in w h ich the d im en sion less con stan t k = 2nFD ′sK ′m S öIm ax.
In F ig. 2 the theo ret ica l respon ses of the p lanar enzym e electrode (Eq. (1) ) , the th in
po rou s enzym e electrode (Eq. (4) ) and the th ick po rou s enzym e electrode (Eq. (5) ) a re com 2
pared. F rom F ig. 2 it is clear tha t, by u sing the th ick po rou s electrode techn ique, bo th the
ou tpu t cu rren t den sity and the range of quasi2linear respon se can be very effect ively im 2
p roved.



























vs. (c0s ) - 1　 p lo t
is a st ra igh t line w ith slope s= K ′m 2ö( I 2m ax k ) and




= 2a , so K ′m can be easily est im ated from
the p lo t (see F ig. 2 (b) ).
Eq. (5) and Eq. (6) w ere tested w ith tw o
types GOD pow der m icroelectrodes: T ype 1,
carbon b lack m odified w ith g luco se ox idase
(GOD ) em bedded in po lyu rethane (PU ) ( the C2
PU 2GOD electrode). T ype 2, carbon b lack m od2
if ied w ith GOD and dibu tylferrocene (DBFc) em 2
bedded in Kodak AQ po lym er ( the C2AQ 2DBFc2
GOD electrode ). T he typ ica l respon ses of the
tw o types of pow der enzym e m icroelectrodes and
the p lanar electrodes m odified w ith ana logues
p rocedu res are show n in F ig. 3 (a) and F ig. 4 (a).
F rom these figu res it is clear tha t very sign if ican t
increase of the ou tpu t cu rren t den sity and ex ten2
sion of the linear range of respon se cu rve can be
ach ieved by u sing the pow der m icroelectrode
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F ig. 4 (a)　R esponses of the AQ 2DBFc2GOD
modified enzym e electrodes:
1. GC p lanar disk electrode (dia. 4
mm ) modified w ith AQ 2DBFc2GOD ,
th ickness of modifying layer 2 Λm
2. C2AQ 2DBFc2GOD pow der m icro2
electrode (dia. 0. 5 mm , ∆= 0. 7
mm )
(b ) 　T he (d I 2öd c0s ) - 1　vs. (c0s ) - 1　p lo t,
and the est im ation of K ′m
techn ique. T he m ax im al ob ta inab le cu rren t den2
sity fo r bo th types of m odified pow der m icroelec2
t rodes can be w ell above 1 mA öcm 2, sign if ican t ly
h igher than the ou tpu t of g luco se sen so rs em 2
p loying sim ila r m odifying layers [ 2 - 6 ]. T he
linear range of the respon se of bo th types of elec2
t rodes is abou t 0～ 15 mM , and the cu rren t re2
spon se does no t reach its m ax im um value a t g lu2
co se concen tra t ion of ca. 60～ 70 mM. F ig. 3 (b)




vs. (c0s ) - 1　
p lo ts are linear in the low er concen tra t ion range,
as p red icted in Eq. (6). T he apparen t va lues of
M ichea lis con stan t K ′m 　est im ated from the F ig. 3
(b) and F ig. 4 (b) by m ethod show n in F ig. 2 (b)
are app rox im ately 26 mM fo r the C2PU 2GOD
electrode and abou t 14 mM fo r the C2AQ 2DBFc2
GOD electrode. T hese est im ated K ′m 　values are
som ew hat h igher (especia lly in the case of C2
AQ 2DBFc2GOD electrode) than K ′m 　 values ob2
ta ined from the respon se cu rves of the p lanar
electrodes m odified w ith sim ila r p rocedu res, and
they are m o re clo se to resu lts m easu red in so lu2
t ion, (fo r exam p le, K ′m = 33 mM in air2sa tu ra ted
so lu t ion [7 ]).
T he pow der GOD electrodes respond rap id ly
to the change of g luco se concen tra t ion in so lu2
t ion. Steady2sta te cu rren t can u sua lly be reached in less than 20 s. T he long2term stab ility of
the po rou s GOD electrodes is a lso fa irly good. T he in terferencing effects of electroact ive
species such as asco rb ic acid, u ric acid, L 2cystein and acetam inophen on the ou tpu t of the
pow der enzym e electrodes w ere a lso found to be less than in the case of p lanar enzym e elec2
t rodes.
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